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Abstract 
Related to the dramatically smaller volume of microelectromecanical systems (MEMS), new methods in testing and 
qualification are needed. In single crystal silicon (SCSi) based devices, stress and loading in operation introduces defects during 
the MEMS life time and increases the risk of failure. Reliability studies on potential failure sources have an impact on MEMS 
design and are essential to assure the long term functioning of the device. In this paper, a comprehensive approach is proposed 
for assessing the resistance of SCSi structures under conditions of accelerated aging. Defects introduced by DRIE, thermal 
annealing, dicing and bonding and also the device environment (radiations, temperature) influence the crystalline perfection and 
have a direct impact on the mechanical properties of MEMS and their aging behavior. Defects and deformations are analyzed 
using High Resolution X-ray Diffraction Methods (HRXRD) and supporting simulations are done by Finite Element Method 
(FEM). MEMS reliability is assessed. Preliminary results indicate a decrease in lifetime and strength of SCSi devices with defect 
density enhanced by irradiation. 
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1. Introduction 
Microelectromechanical systems (MEMS) engineering involves complex design, manufacturing and packaging 
processes. MEMS such as sensors (e.g. accelerometers, gyroscopes), actuators (optical and RF switches, micro-
grippers), electronic devices (e.g. RF oscillators and filters) or integrated microfluidic systems find applications in 
aerospace, automotive or watch industry were a high reliability is needed. This creates a strong demand in quality 
control and failure analysis [1-3]. The dramatically lower mass, the lower power consumption, the smaller volume, 
and the possibility of tight integration with electronics, the field of MEMS offers new functionality and performance 
advantages, but also brings new challenges, particularly in the fields of testing and qualification. 
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Micro systems technology (MST) can be highly reliable, but it must however be noted that the failure modes of 
MEMS can be different from those of solid-state electronics. Therefore testing techniques must be developed to 
accelerate MST-specific failures.  
Single crystal materials, especially single crystal silicon (SCSi) presents a high potential resistance against aging. 
The crystal quality is influenced by the steps of the entire engineering process involving design, manufacturing and 
packaging. DRIE, thermal annealing, dicing and bonding influence the crystalline perfection and could favor failure. 
Moreover, the environment (radiations, temperature, vacuum) and the operation mode (stress, loading) of MEMS 
introduce defects during their life time and increase the risk of failure. However, quantitative results related to the 
progressive deterioration of SCSi devices are rarely published [4,5]. Some of them may be used for aging studies. 
Comparison between theoretical fracture values and real measurements show more than a factor of 10 difference, 
with a large variation in strength between differently prepared structures. This is also related to the surface 
roughness as well as to the defect concentration of the etched surfaces as a result of the ion bombardment. 
Specifically designed mechanical tests may be used to assess the resistance of SCSi structures to monotonic and 
cyclic loading [6].   
For the understanding of failure it is essential to obtain further going information about the stressed material on the 
atomic scale. Detailed investigations have to be therefore conducted, which includes the comparison of experimental 
methods as well as numerical simulations. Experimental measurements of local deformations and an analysis of 
defects are approached by High Resolution X-ray Diffraction Methods (HRXRD, Fig. 1) and the simulation of 
deformations by FEM. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: In-situ mechanical testing on the HRXRD, setup for RC’s measurements. 
 
2. Design and Fabrication of a SCSi MEMS Structure   
A DRIE etched SCSi MEMS structure was built (Fig. 2) to study the influence of defects in the SCSi on the 
mechanical behaviours of the device in aging (similar devices were first reported by Van Arsdell [7]).  
 
 
 
 
 
 
 
 
Fig. 2. a) SCSi MEMS test structure; b) mass with electrostatic comb drives and teeth, c) details on the notch of the cantilever. 
 
A DRIE process was used to build the MEMS in a SOI wafer with a device layer thickness of 120m. The 
following thermal annealing has been performed in an oxygen flow at 1050°C. The oxide layer was removed and the 
MEMS released for irradiation and following testing. The MEMS is about 1 x 1mm and embedded in a chip of 10 x 
10mm. 
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The bonding of the chip on a PCB for electrical excitation was done with a two-component EPOXY glue backed at 
80°C during 3 hours. Stresses are introduced by this process which is schematically visualized in Fig. 3.  
 
 
 
 
 
Fig. 3. Scheme of a chip (a) before bonding and (b) after bonding. 
 
HRXRD measurements being performed before and after packaging (bonding to the PCB) by means of 
Reciprocal Space Mapping (RSM) on the Si(224) reflection at high incident angle  show precisely the introduced 
strain (Fig. 4).  The bottom part of the SOI wafer is defined as “substrate layer”, the upper part as “device layer” and 
the released part (MEMS) as t  “device”. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. RSM on the Si(224) reflection at high incident angle.   
 
Cooling down the glue induces a compressive stress on the bottom of the chip (“substrate layer”) which creates a 
tensile stress on its top (“device layer”). This results in a curvature of the chip which induces a shift in the Bragg 
peak. Therefore, the RSM performed after bonding shows the better separation of diffraction peaks coming from 
different contributions: the “bulk layer”, the “device layer” and the device itself. A small tilt of the device induces 
an inclination of its diffraction planes. This results in an additional shift of the Bragg peak. In a non-stressed chip, 
the top layer is flat and these three contributions give a diffraction peak at the same Ω angle which is not resolved in 
RC configuration. The little separation in RSM before bonding is the sign of bending introduce during the 
manufacturing steps (DRIE, thermal annealing, dicing). 
3. Radiation Experiments  
The radiations were done with an americium source (Am
241
) of 5.5MeV. The main characteristics of the source 
are: diameter=1.1cm; area=0.9cm
2
; activity=366kBq and half life= 432 years. Assuming all the radiations of the 
source is collected by the sample and the source does not absorb alpha particles, the maximum radiation dose D 
emitted is calculated in equation 1, where t is the irradiation time. For comparison with space environment, refer to 
[8].  
t
S
tA
Dsource 

 51001.2
5.0
                                                             (1) 
 
The MEMS has been irradiated for 120h. 
4. Study of Strain and Defects in the irradiated MEMS Structure 
The irradiation of these devices results in relative small damage in the SCSi which can still be measured by means 
of HRXRD. The Rocking curve and the here presented RSM (Fig. 5) methods monitor the diffused scattering next to 
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the Bragg peak which is related to the defects introduced into the SCSi lattice by different events. The RSM of the 
irradiated sample shows 30% more diffuse scattering after irradiation than before.  
 
 
 
 
 
Fig. 5. RSM’s of a) virgin and b) damaged samples (Si(224) high incident reflection); c) SEM picture of fracture area after high 
cycle fatigue tests. 
5. Mechanical Testing of the MEMS Structure   
High-cycle fatigue is performed to accelerate aging of devices, which corresponds to an accumulation of stress 
induced deterioration in the material. Accelerated aging can be monitored by change in resonant frequency of the 
device. First results show, that the irradiated device breaks at a lower life time as the non irradiated device. Further 
experiments are currently running in order to provide statistical relevance to these preliminary observations. Fig. 5c 
shows the fracture is as expected at the shorter part of the cantilever the crack propagates along the crystallographic 
Si[111] plane.  
6. Result Discussion 
The test structure has been designed and fabricated. Irradiation of these devices results in relative small damage in 
the SCSi which can still be measured by means of HRXRD. The Rocking curve and RSM methods monitor the 
diffused scattering next to the Bragg peak which is related to the defects introduced into the SCSi lattice by different 
events. The study enables quantitative evaluation of the damages created in SCSi devices by different processes 
(bonding, radiation damage) and its correlation with mechanical and structural properties in aging tests. The RSM of 
the irradiated sample shows 30% more diffuse scattering after irradiation than before. Compared to the influence of 
DRIE, dicing (+185%) or bonding, this effect is very weak and could be avoided by shielding. However, the 
capability of HRXRD to detect such small amounts of defects proves the relevance of this technique for MEMS 
reliability investigations.  
The proposed approach will be used to define a direct relation between the amounts of defects at the end of the 
engineering process and the evolution of defects in use, and thus to improve the reliability f life time predictions for 
MEMS.  
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